The effects of salinity on growth, stomatal conductance, photosynthetic capacity, and carbon isotope discrimination (A) of Gossypium hirsutum L. and Phaseolus vulgaris L. were evaluated. Plants were grown at different NaCI concentrations from 10 days old until mature reproductive structures were formed. Plant growth and leaf area development were strongly reduced by salinity, in both cotton and bean. Stomatal conductance also was reduced by salinity. The A always declined with increasing external salinity concentration, indicating that stomatal limitation of photosynthesis was increased. In cotton plant dry matter, A correlated with the ratio of intercellular to atmospheric CO2 partial pressures (pulpa) calculated by gas exchange. This correlation was not clear in bean plants, although A showed a more pronounced salt induced decline in bean than in cotton. Possible effects of heterogeneity of stomatal aperture and consequent overestimation of pi as determined from gas exchange could explain these results. Significant differences of A between leaf and seed material were observed in cotton and bean. This suggests different pattems of carbon allocation between leaves and seeds. The photon yield of 02 evolution determined at rate-limiting photosynthetic photon flux density was insensitive to salinity in both species analyzed. The light-and C02-saturated rate of CO2 uptake and 02 evolution showed a salt induced decline in both species. Possible explanations of this observation are discussed.
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02 hypersensitivity was observed in salt stressed cotton plants.
These results clearly demonstrate that the effect of salinity on assimilation rate was mostly due to the reduction of stomatal conductance, and that calculation of pu may be overestimated in salt stressed plants, because of heterogeneity of stomatal aperture over the leaf surface.
Salinity causes large effects on higher plants, both halophytes and non-halophytes. In the latter, growth rate is generally reduced by salinity even at low salt concentration. However, within non-halophytes there is still large variability among species, ranging from extremely sensitive to tolerant species overlapping with halophytes (18) . The nutrition, stomatal behavior, photosynthetic efficiency, carbon allocation, and utilization (17, 18, 20) .
The rate of photosynthetic CO2 assimilation is generally reduced by salinity. This reduction is partly due to a reduced stomatal conductance (7, 12, 23) and consequent restriction of the availability of CO2 for carboxylation.
Nonstomatal inhibition of photosynthesis, caused by direct effects of NaCl on photosynthetic apparatus independent of stomatal closure, has also been reported for several plant species, both halophytes and non-halophytes (1, 23, 24) . This inhibition of photosynthetic capacity has been attributed to a reduced efficiency of RuBP2 carboxylase when RuBP is in limiting supply (24) , to a reduction of RuBP regeneration capacity (1, 24) , or to the sensitivity of PSII to NaCl (2) .
Recently, it has been argued (14, 26) that some ofthe effects ofsalinity on photosynthesis, previously referred to as nonstomatal effects, could be only apparent and actually caused by spatial heterogeneity ofstomatal aperture over the leafsurface. It has been demonstrated in ABA-treated leaves (8, 28 ) that stomatal heterogeneity and consequent nonuniform photosynthesis cause a systematic overestimation ofthe intercellular CO2 partial pressure (pi) calculated by gas exchange. Nonuniform photosynthesis has also been observed in water-stressed plants (6, 9, 22, 25) , and it has been concluded that the primary effect of water stress on photosynthesis is mediated by stomatal closure and that chloroplast reactions are not affected until after other plant processes have become strongly affected (26 15, 21) , in leaf sugars and starch (4) , and from correlation between concurrent short term measurements ofPi/Pa and the isotope composition of the air in gas exchange measurements (1 1). Measurement of A gives an estimation of the assimilation-rate-weighted value of pi, whereas gas exchange gives a conductance-weighted value of pi (15) . When heterogeneity of stomatal opening occurs the two estimates will differ to some extent (15) .
The aim of the present study was to investigate the effects of salinity on stomatal behavior and photosynthesis of nonhalophytes, taking into account possible implications of spatial heterogeneity of stomatal aperture. Photosynthetic responses to salinity of two C3 non-halophytes, upland cotton and bean, showing marked differences in sensitivity to salinity, were compared. Several experimental approaches were used including conventional gas exchange, 02 evolution at saturating C02, and carbon isotope analysis. Some 
Gas Exchange
Gas exchange was measured on youngest fully expanded attached leaves, using an open-flow gas exchange system.
Compressed air was passed through soda lime columns to remove CO2. 02 partial pressure was either kept at 210 mbar or varied by injecting appropriate proportions of N2 into the C02-free air stream. The gas stream was humidified and then passed through a glass condenser at known temperature and pressure. The condenser temperature was regulated by circulating water from a temperature controlled water bath. Pure CO2 or mixtures ofCO2 in air were injected into the air stream after the condenser. Flow rates of the various gases were controlled with mass-flow controllers (models MFTV-24; MFTV-l 1; MFTV-14, Matheson, Union Carbide, Oevel, Belgium).
Absolute partial pressure of CO2 in the system was continuously monitored by an absolute IR gas analyzer ( (29) .
Spot gas exchange measurements were taken inside the growth room on several days to detect variations in gas exchange parameters during ontogeny. A, transpiration, and intercellular CO2 partial pressure were determined with a portable gas exchange system (LCA2 and Parkinson leaf cuvette, Analytical Development Company, Hoddesdon, UK). To avoid the effect of peak broadening due to H20 and CO2 cross-sensitivity, air leaving the leaf cuvette was passed through a magnesium perchlorate column before entering the CO2 IRGA. Calculation of gas exchange parameters were made according to von Caemmerer and Farquhar (29) allowing for the above modification.
Evolution
Rates of 02 evolution were measured using a leaf-disc oxygen electrode (Hansatech, Kings Lynn, Norfolk, UK). To verify C02-saturation for cotton and bean leaves the CO2 (3) . CO2 concentration inside the leaf-disc chamber was kept at 10% by flowing a mixture of 10% CO2 in air from a cylinder. Then, the chamber was closed and the rate of 02 evolution was recorded. Light was provided by a quartz-lamp housing as previously described (3) . Irradiance was varied by interposing neutral density filters (Balzers, Liechtenstein).
Carbon Isotope Analysis
Carbon isotope composition was measured on different parts of cotton and bean plants and carbon isotope discrimination was calculated as A = (ba -bp)/(l + bp) (2) where ba and bp are the carbon isotope composition of source air and plant material, respectively, relative to the international standard Pee Dee Belemnite (15) . Measurements were taken of 6a of the greenhouse and of growth room. Typically, ka was -8.4 x I0V. Carbon isotope analysis of air and of plant material was as previously described (4 Statistical analysis was based on one-way analysis of variance and on Student-Newman-Keuls test for multiple comparisons among means (27) . Regression analysis was performed according to the least squares method.
RESULTS

Growth Responses
Growth responses of cotton plants to different salinity concentration in the medium are shown in Table I . Shoot dry weight and total leafarea, measured at the end ofexperiments, were strongly reduced by salinity. Total leaf area was reduced by 35% in plants grown in 50 mM NaCl medium and by 60% in those grown in 250 mm NaCl, relative to control plants (Table I ). These decreases in leaf area were accompanied by 27 and 58% decreases in shoot dry weight, compared to control plants.
Growth of bean was more severely affected by salinity than was growth of cotton (Table II) . Shoot dry weight was reduced by 77% in bean plants grown in 50 mM NaCl and by 91% in 150 mm NaCl, compared to control plants (Table II) . Growth of bean plants was completely inhibited by salinity, whereas growth of cotton was reduced but not stopped by the salinity concentrations tested.
When salt-stressed bean plants were harvested most of their leaves were shrunk and dry, causing the leaf area measurements to be unreliable. For this reason leaf area data for bean are not presented.
Photosynthesis and Stomatal Conductance
The effects of salinity on g of cotton and bean leaves are shown in Table III . Stomatal conductance always declined with increasing salinity concentration. The effect of salinity on g was more dramatic in bean than in cotton. In bean, 150 mM NaCl caused a greater depression of g than did 250 mM NaCl in cotton (Table III) . The average of assimilation rate measured by gas exchange during the life cycle of plants, was positively correlated (r2 = 0.70) with the shoot dry weight of cotton plants measured at the end of experiment (Fig. 1 ).
The response of CO2 assimilation to varying pi (A[pi] relationship) was measured several times during the experiment. Figure 2 shows typical A(pi) relationships for different salinity treatments in cotton and bean. The initial slope and the CO2 saturated region ofA(pi) curves were reduced by salinity, both in cotton and bean (Fig. 2) , although the effect was much more pronounced in bean than in cotton. The operational pi corresponding to 345 ,ubar of ambient p(C02) (indicated by arrows in Fig. 2 ) was reduced by salinity in cotton leaves, whereas it remained unaffected (50 mM NaCl) or increased (250 mM NaCI) in salt stressed bean compared to control plants.
Cotton leaves showed a high oxygen sensitivity (Fig. 3) , particularly in stressed plants. At 21 mbar 02, the initial slope of A(pi) curve did not show significant differences among salinity treatments (Fig. 3) . This is in contrast with the saltinduced decline observed at 210 mbar 02 (Fig. 3) . Hence, the effect of salinity on the initial slope of A(pi) curve was overcome by switching to low 02 concentration. This effect was less evident at CO2 saturation (Fig. 3) , the ratio of A at 21 mbar to that at 210 mbar calculated at 500 ,ubar CO2 being 1.3 in control plant compared to 1.2 in both salinity treatments. Such high 02 sensitivity was not apparent in bean plants (data not shown).
Photon Yield and Light Response of 02 Evolution
Rate of 02 evolution was measured on leaf discs taken either from leaves on which gas exchange and A(pi) relationship had been previously analyzed or from sample collected directly from the greenhouse. The apparent photo yield of 02 evolution (tE) (mol 02 evolved/mol incident photons) measured at rate-limiting PPFDs for cotton and bean plants grown at different salinity levels are shown in Table IV was near 0.080 mol of 02/mol of incident photons in all treatments, both in cotton and bean (Table IV) . It should be pointed out that Ii of cotton leaves remained constant during the life cycle, in all salinity treatments.
The rate of 02 evolution measured at light saturation was lower in salt stressed than in control plants (Table V) . It declined by 28% in cotton in the range 0 to 250 mm NaCl and by 27% in bean in the range 0 to 150 mm NaCl. However, the observed difference between control and 50 mM NaCl treatments (Table V) was not statistically significant in both species. Subsequently, no further declines of the rate of 02 evolution were observed in cotton, whereas the photon yield and the maximum photosynthesis ofsalt stressed bean quickly declined. This decline coincided with visible damage to the leaves.
Carbon Isotope Discrimination
Carbon isotope discrimination was analyzed in cotton leaves and seed epidermal hair (fiber). Plants grown under salinity were always enriched in the heavier isotope 13C compared to control plants. The carbon isotope discrimination in leaves and fiber was compared to the average PulPa, weighted for CO2 assimilation, as obtained from spot gas exchange measurements during the lifespan of plants. Figure 4 shows the relationships between A in leaves and in fiber and pl/pa. A positive correlation was found between Pi/Pa and A in both leaves (r2 = 0.87) and fiber (r2 = 0.69).
Cotton fibers were always isotopically heavier with respect to leaves. Thus, the discrimination was lower in the fiber than in the leaf material. The difference between A of leaves and that of fiber increased with increasing salinity (i.e. with decreasing PuPa) (Fig. 4) .
Bean plants showed a response of carbon isotope discrimination to salinity (Table VI) similar to that of cotton. The discrimination in leaf dry matter strongly decreased in salt stressed beans compared to control plants. The effect of salinity on A was higher in bean than in cotton. In bean, differences in A among treatments (Table VI) were always highly statistically significant (P c 0.01). Carbon isotope discrimination in stems matched that of leaves in all treatments. Carbon isotope composition was also analyzed in bean pods and seeds. However, this analysis could not be made on plants grown in 150 mm NaCl since they failed to produce any flowers and fruits. In the treatments analyzed, the value of A of pods was very close to that of leaves and stems. In contrast, A of seeds was indeed lower than that in leaves by approximately 3 x 10-3, both in control and 50 mm NaCl treatment. DISCUSSION Plant growth was strongly reduced by salinity (Tables I and  II) , but bean showed a greater reduction of growth than cotton. In bean, the growth was severely inhibited even at 50 mM NaCl after a few days from the start of the treatments, whereas the growth of cotton was reduced but not stopped even at the highest NaCl concentration used. Bean is known to be highly sensitive to salinity, whereas cotton has been reported to as tolerant non-halophyte (18) .
Assimilation rate and stomatal conductance always declined when cotton and bean plants were exposed to salinity (Fig. 2, Table III ). This is consistent with previous observations on the effect of salinity on photosynthesis of nonhalophytes (7, 14, 23) . Similarly, declines of g and A have been reported in several halophytes (1, 12, 16) .
In cotton plants pi declined with increasing salinity (Fig. 2) , indicating that the salt-induced decrease of A was at least partly caused by stomatal closure. In contrast, bean plants grown under salinity showed a marked decline of A and g, but not of Pi (Fig. 2, Table VI ) which remained almost constant, or increased in the 50 and 150 mM NaCl treatments respectively.
A decline of A without a corresponding decline ofpi usually has been interpreted as a direct effect of stress on photosynthetic capacity. However, it has become evident that such interpretation might be incorrect if patchy photosynthesis does occur during stress (28) . Salinity might cause patchy stomatal aperture and, if so, the salt-induced decrease of the initial slope and of the CO2 saturated region ofA(pi) relationships in both cotton and bean leaves (Fig. 2) would be overestimated to some extent ( 14) . This view is confirmed by the analysis of carbon isotope discrimination in plant material. On the basis of Equation 1 , one would expect a positive relationship between A in plant material and PulPa measured by gas exchange. In bean plants,
A measured in different plant organs, always decreased with increasing salinity (Table VI) , although PuPa measured by gas exchange was unaffected or even, increased in 150 mm NaCl grown plants (Fig. 2 The Pl/Pa compared with A in Figure 4 is the assimilation weighted average measured by spot gas exchange during the entire lifespan of plants. The observed deviation of these relationships from that predicted from Equation 1 could be explained if the carbon of leaves and fiber were assimilated under Pu/Pa ratios different from the averages obtained by gas exchange measurements. This effect would be more important in stressed cotton plants, in which Pl/Pa decreased from 0.70 at the beginning of salt application to 0.40 at the end of experiment (data not shown). Possible variations of liquid phase and cell wall resistances could also contribute to the observed differences (1 1). However, carbon isotope discrimination in cotton and bean plants indicates that stomatal closure is the main cause ofthe observed reduction ofA under salinity stress, and that calculations of pi may be incorrect in salt stressed plants.
That stomatal aperture in stressed leaves is heterogenous is also indicated by the analysis of A(pi) curves obtained with cotton leaves at 20 mbar 02. The salt-induced inhibition of photosynthetic capacity as detected by a decline of the initial slope of A(pi) relationships in 200 mbar 02 was largely overcome in 20 mbar 02 (Fig. 3) . Hypersensitivity to 02 may be interpreted as indicating that heterogeneity of stomatal aperture is limiting photosynthesis (26) . In fact, CO2 limited A, as would occur in leafcompartments with tightly closed stomata, is very sensitive to varying 02. Therefore, hypersensitivity shown by salt stressed cotton leaves would support the view that the salt induced inhibition of photosynthetic capacity is partly apparent, being indeed caused by patchy photosynthesis.
The study of 02 evolution partly confirmed the above observation. The insensitivity of the apparent photon yield of 02 evolution to salinity in both cotton and bean plants (Table   IV) seems to demonstrate that the photochemical efficiency was unaffected by salinity. Salt-induced reduction of photon yield ofCO2 assimilation has been previously reported in bean plants by Seemann and Critchley (23) , and this is not consistent with the present results. This could be due to different plant age or exposure time to NaCl when photon yield measurements were made. We also observed a decline of ci in bean leaves, but only when other damages (as Chl bleaching) were clearly evident. On the other hand, Seemann and Critchley (23) measured the photon yield by gas exchange at high CO2 partial pressure, but probably not exceeding 1 mbar that is usually the maximum allowed by IRGA systems. Therefore, it is also possible that their results were affected by heterogeneity of stomatal opening (28) .
It has been shown that PSII in isolated thylakoids from both halophytes and glycophytes is highly sensitive to NaCl in vitro (2) . However, an effect of NaCl on PSII should cause a reduction of photon yield and this was not observed in the present study.
The light-and C02-saturated rate of 02 evolution was somewhat reduced by salinity, in cotton and bean plants (Table V) . To compare this effect with that on the RuBP limited region ofA(pi) relationships, the rate of linear electron transport was calculated from the maximum rate of 02 evolution assuming that 4.5 mol of electrons are moved through the electron carriers chain per mol of 02 evolved (29) . This estimation of the rate of electron transport was strongly correlated (r2 = 0.95) with that calculated from CO2 assimilation at pi of about 500 ,ubar (29) in both the species analyzed (Fig. 5 ). However, a 1:1 relationship would be expected, whereas the slope of the regression equation was 1.56 (Fig. 5) . The deviation of observed data from the expected relationship increased with increasing salinity. A possible explanation of this deviation is that the electron transport rate calculated from gas exchange in stressed leaves is underestimated because of patchy stomatal closure. This effect would increase with increasing salinity, causing the observed shift of the slope of the regression of Figure 5 . Cell wall resistance could also increase in stressed plants, and such an increase would eventually contribute to underestimate the calculation of electron transport based on pi, since in such case the p(CO2) inside the chloroplast actually available for RuBP carboxylase would be significantly lower than pi.
The results obtained in the present experiment with tolerant and sensitive nonhalophytes, demonstrate that (a) plant growth and leaf area development are much more salt sensitive than the photosynthetic apparatus; (b) stomatal conductance and intercellular CO2 partial pressure also are reduced by salinity, as indicated by gas exchange and carbon isotope discrimination; (c) the photon yield, measured at rate-limiting PPFDs, was unaffected by the NaCl concentrations tested; and (d) the light-saturated rate of 02 evolution was somewhat reduced by salinity. There are several possible explanation of the latter observation. It has been recently reported that starch synthesis (22, 25, 30) and extractable SPS activity are both reduced by mild water stress (26, 30) . The reduction of starch synthesis would results from effects which generally limits starch formation at low CO2 assimilation such as low level of 3-phosphoglycerate (25, 30) . Similarly, the reduced SPS activity has been attributed to the CO2 limited photosynthesis due to stomatal closure (26; but see also 22) . Feedback inhibition of photosynthesis could also occur under salt stress, causing the observed variation of photosynthetic capacity. However, it is also possible that the observed reduction of photosynthetic capacity is caused by modification of the pattern of resource allocation, such as a reduced investment of resources in the photosynthetic apparatus, consequent to the CO2 limited photosynthesis, in favor of other plant organs such as roots or reproductive organs, as suggested by carbon isotope discrimination data. Further investigations are needed to understand if this observation is a consequence of an adaptive response to reduced CO2 availability rather than a deleterious effect of stress on biochemistry.
